The biogenic amine octopamine (OCT) fulfills most of the criteria as a neurotransmitter of efferent fibers that project to lateral and ventral eyes of the horseshoe crab, Limulus polyphemus.
OCT is synthesized by and released from the efferent fibers, and OCT mimics many of the effects of endogenous efferent activity. OCT stimulates an increase in intracellular adenosine 3',5'-monophosphate (CAMP) in both ventral and lateral eyes, and many of the physiological effects of OCT in these eyes appear to be mediated via CAMPdependent mechanisms.
Here we show that OCT, acting apparently through an OCT-specific receptor, stimulates the increased phosphorylation of a protein with an apparent molecular weight of 122 kDa in both ventral and lateral eyes. This protein is also phosphorylated in response to 8-bromo CAMP and forskolin, suggesting that its phosphorylation involves activation of a CAMP-dependent protein kinase. We present evidence that the 122 kDa protein may be widely distributed in the Limulus visual system but that its phosphorylation in intact tissue in response to OCT, or agents acting through CAMP, may be restricted to portions containing photoreceptor cell bodies. The 122 kDa protein is quantitatively a major cellular protein in the photoreceptor cell body enriched portions of the ventral eye, its isoelectric point is between pH 8.2 and 8.4, and it is associated with both cell membranes and the cytoplasm. The function of this protein is not yet known. It may be important in mediating one or more of the effects of octopamine on Limulus vision.
Almost universally, the retinas of animals are innervated by neurons that have their cell bodies located in the brain. This centrifugal or efferent input is presumed to be regulatory, but the details of its functions are mostly unknown. The best understood of these retinal efferent systems is the one projecting to the eyes of the horseshoe crab, Limulus polyphemus. Efferent fibers innervate all of the eyes of Limulus-lateral, ventral, and median-and they are driven by a circadian clock located in the CNS. The efferent neurons become active at night and are silent during the day (Barlow et al., 1977) . When the fibers are active, the anatomy, biochemistry, and electrophysiology of cells in the lateral eye change, leading to an increase in the sensitivity of the eye to light (see recent reviews by Battelle, 1984; Barlow et al., 1985) . Furthermore, efferent input to the lateral eye at night is required for the normal shedding of photosensitive membrane the next morning (Chamberlain and Barlow, 1979) . There is substantial evidence that the biogenic amine octopamine (OCT) is a neurotransmitter synthesized and released from the efferent fibers in Limulus eyes Evans et al., 1983, Battelle and Evans, 1984) . Application of OCT to the lateral eye in situ or in an isolated preparation (Pelletier et al., 1984 ) mimics many of the electrophysiological effects of endogenous efferent innervation.
Moreover, in the in situ preparation, clozapine, an OCT receptor blocker (Dougan and Wade, 1978; Evans 198 l) , blocks both the physiological effects of exogenously added OCT and those generated by endogenous efferent activity . Thus, OCT is very likely the neurotransmitter responsible for many of the effects of efferent innervation observed in the lateral eye. Application of OCT to isolated photoreceptor cells of the Limulus ventral eye increases their rate of dark adaptation following a bright illumination (O'Day and Lisman, 1985) and increases the sensitivity of light-adapted photoreceptor cells (Stieve and Andre, 1984) .
OCT increases the level of intracellular adenosine 3',5'-monophosphate (CAMP) in both the ventral (Kaupp et al., 1982) and lateral eye (B.-A. Battelle, unpublished observations). Many of the effects of OCT in the lateral (Kass et al., 1983; Pelletier et al., 1984) and ventral eye (O'Day and Lisman, 1985) can be mimicked by CAMP analogs or forskolin, a nonspecific adenylate cyclase stimulator (Seamon et al., 198 1) . Thus, many effects of OCT seem to be mediated by the second-messenger CAMP.
An increase in intracellular CAMP leads to the phosphorylation of substrate proteins by activating CAMP-dependent protein kinase in many different systems (Nestler and Greengard, 1984) . These phosphorylated proteins are thought to be the protein intermediates through which specific physiological processes are carried out. OCT stimulates the phosphorylation of specific proteins in lobster muscle (Goy et al., 1984) , in nervous tissue of the marine gastropod mollusc Aplysia calijbrnica (Levitan and Barondes, 1974) , and in Lima&s skeletal muscle (Edwards and Pierce, 1984) . Thus OCT, released from retinal efferent fibers onto cells in the Limulus eye, may produce some of its effects on Limulus vision by stimulating the CAMP-dependent phosphorylation of specific proteins.
In the present study we demonstrate that OCT, acting ap-Edwards and Battelle * Octopamine-Stimulated Phosphoprotein i n Limulus parently through specific receptors, stimulates the phosphorylation of a protein with an apparent molecular weight of 122 kDa in a fraction of the Limulus ventral eye rich in photoreceptor cell bodies (P-fraction) and in the lateral eye. We show that this protein can be phosphorylated via a CAMP-dependent mechanism. The 122 kDa OCT-stimulated phosphoprotein is a major cellular component of the ventral eye P-fractions, and it occurs both in the cytoplasm and in association with membranes.
significant change (p < 0.05) in the amount of 3ZP0, associated with this band in response to any of the experimental treatments when compared with the total amount of 32P0, associated with the other protein bands in the P-fraction.
In all experiments with intact tissues, the untreated control tissues and exnerimental tissues were taken from the same animal. The results of each experiment were statistically evaluated using an analysis of variance in a randomized complete block design. Thereafter, the effects of individual treatments were tested using Duncan's new multiple-range test (Steel and Torrie, 1980) . A probability ofp < 0.05 was considered significant.
Materials and Methods
Animals. Some adult, intermoult Limulus polyphemus were supplied by Gulf Specimens (Panacea, FL) and were maintained under constant light conditions in continuously aerated artificial seawater (12°C). Others were obtained from the Whitney Laboratory (St. Augustine, FL) or from the Marine Biological Laboratory (Woods Hole, MA) and were maintained under ambient light conditions in running, natural seawater. Animals from the different sources gave qualitatively similar results.
Phosphorylation in intact cells. The ventral eyes, proximal segments of the lateral optic nerve (LON), and lateral eyes were removed from animals during the afternoon and placed into MOPS buffered Limulus saline (Warren and Pierce, 1982) containing 5 mM glucose. The ventral optic nerves were dissected free of surrounding blood vessels and divided into photoreceptor cell body-rich fractions (P-fractions) and axonal-rich fractions (A-fractions), which were virtually devoid of photoreceptor cell bodies (Battelle, 1980) . The P-fractions were divided further so that 4 samples containing approximately the same number of photoreceptor cell bodies were obtained from each animal. Generally, photoreceptor cell bodies from the end organ and those dispersed more proximally along the ventral optic nerve were in different samples. Preliminary experiments showed that cells from these two different locations were experimentally indistinguishable. Up to four A-fractions were also cut from similar regions of the ventral optic nerve. Each sample contained approximately the same amount of tissue as the corresponding P-fractions. P-and A-fractions of the ventral eyes, segments of the LON, and small slices from the central region of the lateral eye with the cornea attached were incubated overnight in saline in the dark at 4°C.
The next day the samples were brought to room temperature in the light and preincubated with 32P orthophosphate (ICN, 2.3 mC/ml, 90 nM phosphate final concentration) for 1.5 hr. They were then incubated with different concentrations of D,L-OCT (Sigma) or other test substances in the presence of 32P orthophosphate for the times indicated in the legends to the figures.
To prepare the tissues for analysis by SDS-PAGE, the incubations were terminated by addition of an equal volume of double-strength Laemmli (1970) SDS electrouhoresis buffer and bv sonication with a bath sonic&or (Heat Systems). Preliminary tests showed that sonication produced the same results as placing the samples in a boiling water bath for 5 min.
For analysis by 2-dimensional separation using isoelectric focusing (IEF) followed by SDS-PAGE, experiments were terminated by the addition of SDS and 2-mercaptoethanol such that their final concentrations were 2 and 5%, respectively. The samples were stored at -70°C until analyzed.
SDS-PAGE and autoradiography. Proteins were separated by SDS-PAGE (Laemmli, 1970) using 7.5% acrylamide in the separating gel. Proteins of the ventral eye were visualized with silver stain (BioRad) and those from LON and lateral eye with Coomassie blue G-250. Incorporation of 32P-phosphate was visualized in dried gels using Kodak XAR film. The molecular weights of the phosphoproteins were calculated from the migration of protein standards (Weber and Osbom, 1969) .
Relative incorporation of 32P into specific protein bands in each P-fraction sample was quantified from densitometric scans of the autoradiographs (Transidyne model 2500). The areas of the absorbance peaks were determined gravimetrically. The basal level of protein phosSubcellular localization ofthe I22 kDaprotein. Intact P-fractions from 2 animals were pooled, randomly divided into 2 samples, and then maintained overnight in the dark in saline (4°C). Both samples were preincubated with 32P orthophosphate as described above, then one was challenged with 2 NM OCT for 5 min. The samples were then homogenized at 0°C in a hypoosmotic 20 mM Tris HCl-buffered solution (pH 7.5) containina 0.25 M sucrose. 0.1 mM dithiothreitol. 5 mM Na,HPO,. 1 &M Na,EDTA, 25 mM NaF,' and 0.1 mM phenylmethylsulfonyl fluol ride (PMSF) using a Teflon-glass homogenizer. Each homogenate was centrifuged at 10,000 x g for 30 min (4°C) and the resulting supematant was centrifuged at 130,000 x g for 60 min (4°C). A previous study of Limulus skeletal muscle (Edwards, 1984) showed that the above procedure separated characteristic membrane marker enzymes from soluble cell components. The pelleted materials resulting from the 2 centrifugation steps were resuspended by vortexing in homogenizing medium. Each sample was then analyzed by SDS-PAGE and autoradiography as described above.
Proteolytic digestion of the 122 kDa protein. The 122 kDa phosphoprotein, phosphorylated by treatment of intact P-fractions with OCT, forskolin (Calbiochem), or 8-bromo CAMP (Sigma) as described above, was subjected to limited proteolytic digestion with Staphylococcus aureus V8 protease (Sigma) or chymotrypsin (TPCK-treated; Sigma) using the method of Cleveland et al. (1977) as modified by Goy et al. (1984) . The resulting phosphopeptides were detected by autoradiography employing intensifying screens (DuPont Cronex Lightning Plus).
Phosphoamino acid determination. The amino acids in the 122 kDa phosphoprotein, which were labeled with 3ZP in response to treatment of the ventral eye P-fractions with 2 WM OCT, were identified using the procedures described by Cooper et al. (1983) and Benovic et al. (1985) . Samples, together with phosphoserine, phosphothreonine, and phosphotyrosine standards (Sigma), were subjected to high-voltage paper electrophoresis at pH 1.9 (Hildebrand et al., 1971) . The migration of the standards was determined using ninhydrin. The association of 32P with the phosphoamino acids was determined by autoradiography and liquid scintillation spectroscopy.
Phosphorylation in tissue homogenates. Cyclic AMP-stimulated phosphorylation in tissue homogenates was performed as described by Novak-Hofer et al. (1985) . The homogenates were preincubated for 5 min at 30°C for 1 additional min with 30 WM ATP containing 20 &i Y-~*P-ATP (New England Nuclear, 0.35 nmol/mCi), and then incubated for various times with 10 ELM 8-bromo CAMP or control medium. For SDS-PAGE analysis, the reaction was stopped by the addition of doublestrength Laemmli (1970) sample buffer and sonication. Samples were then stored at 4°C until analyzed. For 2-dimensional analysis, a solution of SDS and 2-mercaptoethanol was added to each sample, bringing their concentrations to 0.5 and 5%, respectively. The samples were then stored at -70°C. The protein concentration of each homogenate was determined by a modified Lowry procedure (Peterson, 1977) using BSA as the standard.
IEF and nonequilibrium pH gradient 2-dimensional gel electrophoresis. IEF 2-dimensional gel electrophoresis (IEF-2D) was performed using the procedure described by O'Farrell(l975).
Nonequilibrium pH gradient 2-dimensional gel electrophoresis (NEPHGE-2D) followed the procedure described by G 'Farrell et al. (1977) . In each case, the second dimension was run and processed as described above for SDS-PAGE and autoradiography, except that intensifying screens were used for detection of the phosphorylated proteins. phorylation differed in-individual samples of intact tissues, perhaps reflectina variations in j2P untake. Therefore. reference nroteins were of the control and OCT-treated P-fractions. Such scans were used to quantitate the change in the phosphorylation of the 122 kDa protein using the ratio of the area of the 122 kDa protein and the area of a 95 kDa reference phosphoprotein (R, solid arrow). The R protein was present in each P-fraction, and its phosphorylation was unaffected by OCT treatment. Figure   2 . Characteristics of the OCT-stimulated phosphorylation of the 122 kDa protein in intact ventral eye P-fractions. A, Time dependence using 2 FM OCT (n = 3). B, Dose dependence with a 5 min exposure of the tissue to OCT (n = 6).
bodies and terminals of efferent fibers (Evans et al., 1983) . The A-fraction is enriched in axons of both of these cells. Both ventral eye fractions contain glial cells. The lateral eye is composed of photoreceptor, eccentric, pigment, cone and glial cells, and axons of efferent fibers. The LON contains the axons originating and terminating in the lateral eye and the lateral rudimentary eye. These differences in cellular composition are reflected in the different SDS-gel staining patterns of the preparations and their patterns of basal protein phosphorylation (Fig. 1A) . Comparing these patterns, 2 significant observations emerge. (1) Each preparation contains a major protein band that migrates with the 116 kDa standard. This band has a calculated molecular weight of 122 kDa (Weber and Osbom, 1969) . (2) The patterns of basal phosphorylation of the A-fractions of the ventral eye and the LON are similar, both having a major phosphorylated band at 66 kDa.
OCT-stimulated phosphorylation of a 122 kDa protein in the ventral eye P-fraction and the lateral eye OCT stimulates an increase in the phosphorylation of a protein with an apparent molecular weight of 122 kDa in intact P-fractions of the ventral eye (Fig. 1, A, B) . The protein nature of the radioactively labeled 122 kDa band was confirmed by its susceptibility to proteolytic digestion (see later section). Although a lightly 32P-labeled 122 kDa phosphoprotein is also present in the A-fraction (Fig. lA) , OCT does not stimulate any detectable change in its phosphorylation.
OCT does not appear to reproducibly affect the phosphorylation of other proteins present in either the intact P-or A-fractions. However, the percentage acrylamide used in the SDS-PAGE to produce optimal separation of the 122-kDa protein may have prevented the detection of affected phosphoproteins in the very high or low molecular weight ranges. Likewise, the time of autoradiographic exposure of the gels may not have been sufficiently long to allow detection of affected minor proteins.
OCT stimulates the phosphorylation of a 122 kDa protein in slices of the lateral eye but not in segments of the LON (Fig.  1A) . This suggests that an OCT-stimulated phosphoprotein, similar to that found in the ventral eye P-fraction, is present in the lateral eye. The OCT-stimulated phosphorylation of this protein in intact cells of the lateral eye is less reproducible than in the ventral eye-occurring in only 3 out of 8 experiments. Thus, we used the ventral eye preparation to analyze the properties, mechanism of phosphorylation, and subcellular distribution of the 122 kDa protein.
Characteristics of the OCT-stimulated phosphorylation in intact P-fractions The OCT-stimulated phosphorylation of the 122 kDa protein is rapid, reaching maximal levels within 5 min of exposure ( Fig.  2A) . Furthermore, incubation of the tissue with increasing concentrations of OCT (0.02-2.0 PM) results in a dose-dependent increase in the incorporation of the labeled phosphate into the 122 kDa protein (Fig. 2B) .
To test whether the phosphorylation is a response to activation of a specific OCT receptor, we tested an OCT antagonist, an OCT analog, a metabolic precursor, and other putative neurotransmitters present in Limulus for their ability to block or mimic the OCT effect (Table 1) . Phentolamine, an OCT receptor blocker, blocks the OCT-stimulated phosphorylation (Table 1) . Synephrine, an N-methylated form of OCT stimulates the phosphorylation of the 122 kDa protein (Table 1) ; tyramine, the immediate metabolic precursor of OCT, has no significant effect. Treatment of intact P-fractions with other putative neurotransmitters present in the Limulus CNS and/or lateral eye (O'Conner et al., 1982; Chamberlain et al., 1986 ) produces a variety of results (Table 1) . 5-HT and dopamine are ineffective. Norepinephrine, on the other hand, mimics the OCT effect (Table 1) .
The norepinephrine-stimulated phosphorylation is also blocked by phentolamine (data not shown).
Differential centrifugation of homogenates prepared from OCT-treated P-fractions in low-ionic-strength medium reveals that the 122 kDa protein is both cytoplasmic and membrane associated (data not shown).
Cyclic AMP-mediated phosphorylation of the 122 kDa phosphoprotein In experiments using intact cells, 8-bromo CAMP, a phosphodiesterase-resistant and more lipophilic form of CAMP, and forskolin, a nonspecific adenylate cyclase stimulator, stimulate the phosphorylation ofthe 122 kDa protein in P-fractions (Table  1) but not in A-fractions. No other ventral eye protein showed a reproducible increase in phosphorylation in response to these agents. In cell homogenates, 8-bromo CAMP stimulates a rapid (1-5 min) increase in the phosphorylation of the 122 kDa protein in both the P-and A-fractions of the ventral eye, lateral eye, and LON (Fig. 3) . 8-Bromo CAMP also stimulates the phosphorylation of 2 additional proteins with approximate molecular weights of 170 and 5 5 kDa in homogenates of each of the tissues examined. In homogenates of the lateral eye and LON, up to 8 other 8-bromo CAMP-stimulated phosphoproteins are observed over a wide molecular-weight range and with variable degrees of phosphorylation (Fig. 3) .
Interestingly, 8-bromo cGMP (10 PM) also stimulates the phosphorylation of the 122 kDa protein in intact P-fractions (data not shown). The relative potencies of the guanine and adenosine cyclic nucleotides have not yet been determined.
Limited proteolytic digestion of the 122 kDa protein, which was phosphorylated in response to octopamine, 8-bromo CAMP, and forskolin, with S. aureus V8 protease produced labeled peptides with the same molecular weights (Fig. 4A) . Similar results were obtained when chymotrypsin was used (Fig. 4B) . Acid hydrolysis of the OCT-stimulated 122 kDa protein revealed that only serines were phosphorylated (data not shown).
Two-dimensional separation of P-fraction proteins
The 122 kDa silver-stained protein constitutes a significant portion (3%) of the total silver-stained proteins in the P-fraction. In IEF-2D gel electrophoresis, this protein appeared as a streak with an isoelectric point between 6.2 and 6.4 (Fig. 5, A, B) . Fluorographs of IEF-2D gels of OCT-treated intact P-fractions (Fig. 5A ) and 8-bromo CAMP-treated homogenates (Fig. 5B) indicate that the silver-stained streak is the affected QP-labeled protein. The only other 122 kDa protein is an acidic phosphoprotein, represented as a barely detectable silver-stained spot. The phosphorylation of this protein is unaffected by OCT or CAMP treatment (Fig. 5, A, B) . IEF-2D separation of homogenates of ventral eye A-fractions treated with 8-bromo CAMP showed that the migration of the affected 122 kDa phosphoprotein in this tissue was the same as that in the P-fraction (data not shown). Using NEPHGE (Fig. 50 , a 2-dimensional system that better separates proteins with neutral or basic isoelectric points (O'Farrell et al., 1977) , the CAMP-stimulated 122 kDa phosphoprotein and its associated silver stain run as a single spot (Fig. 5C ).
Discussion
We have found that OCT and CAMP stimulate the phosphorylation of a 122 kDa protein in both the ventral and lateral eyes of Limulus. Our evidence, together with the results of previous Listed are a series of experiments in which P-fractions were exposed for 5 min to a 2 V'M concentration of each agent unless otherwise indicated. Results are expressed as an average percentage of the OCT-stimulated increase in P-fractions from the same animal. Asterisks indicate a significantly different result from control (p < 0.05). a Number of experiments. h Ratio of the areas of the 122 and 95 kDa phosphoproteins. ' Mean i 1 SEM. d Phentolamine-treated tissues were exposed to phentolamine for 10 min prior to exposure to control saline or OCT plus phentolamine. * Controls were treated with 0.02% ethanol, the vehicle for forskolin administration. studies, suggests that the OCT-stimulated phosphorylation of this protein occurs via a CAMP-dependent mechanism: (1) OCT increases intracellular CAMP in ventral eye P-fractions (Kaupp et al., 1982) and in the lateral eye (Battelle, unpublished observations) . (2) Phentolamine blocks both the OCT-stimulated increase in CAMP in Limulus eyes and the OCT-stimulated phosphorylation of the 122 kDa protein. (3) Limited proteolytic digestion of the 122 kDa protein, whether phosphorylated in response to OCT, forskolin, or 8-bromo CAMP, yields the same phosphorylated peptide fragments. We interpret these latter results to mean that all 3 agents phosphorylate the same protein at the same sites.
Cyclic AMP may not be the only intracellular mechanism for the phosphorylation of the 122 kDa protein, however. Treatment of the tissue with 8-bromo cGMP also stimulates the phosphorylation of the protein. The significance of this effect is presently unclear. The ability of OCT to increase the intracellular levels of cGMP in Limulus eyes has not been examined. Pharmacology of the receptor-mediated phosphorylation of the I22 kDa protein Three of our observations are consistent with the idea that OCT exerts its influence on phosphorylation by activating a specific membrane receptor: (1) Phentolamine, an oc-adrenergic blocker and an OCT receptor blocker in a variety of invertebrate preparations, including Limulus (Atkinson et al., 1977; Evans, 198 l) , inhibits the OCT-stimulated increase in phosphorylation; (2) synephrine, the N-methylated analog of OCT, which activates the OCT receptor in a number of preparations (Harmar and Horn, 1977; Battelle and Kravitz, 1978) , including the Limulus lateral eye , stimulates the phosphorylation of the 122 kDa phosphoprotein; and (3) tyramine, the immediate metabolic precursor of OCT, is ineffective. Norepinephrine also stimulates the phosphorylation of the 122 kDa phosphoprotein, and this stimulation is blocked by phentolamine. Since phentolamine is an cr-adrenergic receptor blocker, as well as an OCT receptor blocker, we cannot determine from these experiments whether norepinephrine and OCT activate the same or different receptors.
Cellular distribution of the 122 kDa subtrate protein and its phosphorylation
The 122 kDa protein is present in the lateral eyes, LON, and P-and A-fractions of the ventral eye. It is a substrate for CAMPdependent phosphorylation in homogenates of each of these tissues. The inability of forskolin and 8-bromo CAMP to stimulate the phosphorylation of the 122 kDa protein in intact A-fractions of the ventral eye and in the LON suggests that in these axon-enriched tissues the protein is not normally a substrate for the CAMP-dependent protein kinase. The 122 kDa protein may be spatially separated from the kinase within the same cell, or the kinase and the 122 kDa protein may be present in separate cells. Alternatively, the homogenization process may, in some manner, alter the physical conformation of the 122 kDa protein in these tissues, transforming it to a form that can act as a substrate for the kinase.
The cellular composition of the ventral eye A-fraction is the same as the P-fraction, except that the P-fraction is enriched with photoreceptor cell bodies and efferent axon terminals. Since the photoreceptor cell bodies represent the major portion of the P-fraction tissue, we believe that the 122 kDa protein and the intracellular machinery for its increased phosphorylation by OCT or other stimulants are present in the photoreceptor cell bodies. Consistent with the hypothesis is the observation that the OCTcontaining efferent fibers project specifically to the ventral photoreceptor cell bodies (Evans et al., 1983) . However, we cannot presently rule out the possibility that OCT acts presynaptically at the efferent terminal to cause the release of an unknown compound that then interacts with its own receptor on the pho- Gel fragments from SDS-PAGE containing the labeled 122 kDa protein were treated with 0.025 pg of S. aureus V8 protease (A) or 2.5 rg of TLCKtreated chymotrypsin (B) using the method of Cleveland et al. (1977) . The reduced resolution of the scan of the 8-bromo CAMP-stimulated 122 kDa protein treated with chymotrypsin shown in B was due to a lower amount of radioactivity associated with the protein and, therefore, with the resulting peptides. toreceptor cell to stimulate the phosphorylation of the 122 kDa protein.
Phosphorylation of the 122 kDa protein is routinely observed in homogenates of the lateral eye in response to 8-bromo CAMP, and OCT-stimulated phosphorylation of this protein has been observed (although not consistently) in slices of the lateral eye. OCT reproducibly increases intracellular CAMP in lateral eye slices (Battelle, unpublished observations) , and OCT produces a number of clear physiological effects both in the intact lateral eye in situ and in slices maintained in vitro (Pelletier et al., 1984) . Our failure to obtain reproducible OCT-stimulated phosphorylation of the 122 kDa protein in the slices may simply be a reflection of our experimental conditions, which were optimized for observing phosphorylation in the ventral eye, and may be less than optimal for the lateral eye preparation.
The lateral eye contains a number of different cell types, most of which receive input from OCT-containing efferent fibers (Fahrenbach, 1985) . At this stage of our investigation it is not clear which of these cells contain the 122 kDa phosphoprotein. Figure 5 . Two-dimensional separation of the 122 kDa protein from P-fraction tissue extracts using IEF (A and B) or nonequilibrium pH gradient electrophoresis (NEPHGE, C) followed by SDS-PAGE. A, Intact P-fractions treated for 5 min with saline or 2 PM OCT. B and C, P-fraction homogenate treated for 5 min with 10 PM S-bromo CAMP. For IEF, the proteins were run into gels containing 1.5% pH 3-10 and 0.5% pH 5-7 ampholytes (LKB) using 50 V for 30 min and then focused toward their isoelectric points using 400 V for 12 hr and 800 V for 1 hr. For NEPHGE, the proteins were separated with 0.8% pH 5-7, 0.8% pH 7-9, and 0.4% pH 3-10 ampholytes for 1600 V-hr. Association of 32P-labeled phosphate with cellular proteins was determined by autoradiography employing intensifying screens. The arrows toward the basic end of gels in A-C point to the OCT-or 8-bromo CAMP-stimulated 122 kDa protein. The arrows toward the acidic end of the gels in A and B point to a 122 kDa phosphoprotein that is unaffected by OCT or photoreceptor cell bodies, and the A-fraction, which is enriched Characteristics of the 122 kDa protein in photoreceptor cell axons. In ventral eye P-fractions the protein may be associated with membranes, but it is not an integral We confirmed using 2dimensional gel electrophoresis that the membrane protein. Phosphorylation also does not detectably OCT-and CAMP-stimulated phosphoprotein is a major cellular change the distribution of the protein between the membrane protein in both the ventral eye P-fraction, which is enriched in and cytoplasmic compartments. the sensitivity of the eyes to light and increases the eyes' ability to dark-adapt. OCT has been identified as the neurotransmitter responsible for initiating cellular events that lead to the functional changes. These are generated in whole or in part by alterations in electrophysiological properties of the photoreceptor cells. The function of the 122 kDa protein is not yet known. Since it is phosphorylated in response to OCT only in those preparations that contain photoreceptor cell bodies, our working hypothesis is that it is involved in processes that occur in photoreceptor cell bodies. Examples of 2 possible processes are the following: (1) Efferent input and OCT increase voltage-dependent gain in lateral eye photoreceptor cells apparently by decreasing the effectiveness of voltage-sensitive K+ channels (Barlow et al., 1985; Renninger, personal communication) .
(2) OCT and CAMP are thought to increase the rate of dark adaptation in Limulus ventral photoreceptors by enhancing the removal of intracellular Ca2+, possibly by stimulating a Ca2+ pump or a NaCa exchange mechanism (O'Day and Lisman, 1985) . Each of these processes has been correlated with CAMP-stimulated phosphorylation of specific proteins in a number of different systems (Scheid et al., 1979; Alkon et al., 1983; Lindemann et al., 1983; Neyses et al., 1985; Shuster et al., 1985) . effects of OCT on Limulus vision.
